Introduction {#sec1}
============

Fuel cells are very promising devices for energy generation.^[@ref1]^ The most common type of such fuel cells uses hydrogen or methanol as the fuel. In addition, energy storage is becoming of utmost importance in the renewable energy revolution. In this respect, the flow batteries are being proposed as one of the solutions for large-scale energy storage.^[@ref2]^

Nafion, see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a for the chemical structure, is a commonly used polymer electrolyte membrane (PEM) material in flow batteries and in PEM fuel cells.^[@ref3],[@ref4]^ The main purpose of the PEM is to allow proton transport through it. Additionally, it prevents the electrolytes from mixing in a flow battery and the air and fuel streams from mixing in a fuel cell.

![(a) Single Nafion chain (*n* = 7, *m* = 10) for EW of 1100; *n* represents the length of the monomer and *m* represents the degree of polymerization; the blue oval encircles the side chain protogenic group. (b) Hydrated Nafion simulated sample, where blue color is used for the water/hydrophilic phase, orange---for hydrophobic phase, and black---for the sulfonic acid groups.](jp-2019-04534z_0001){#fig1}

Spry and Fayer^[@ref5]^ measured the proton concentrations in Nafion at various hydration levels using different molecules like 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS) and rhodamine-6G, by means of the time-resolved fluorescence anisotropy. HPTS molecules measured the amount of proton transfer in bulk water channels, whereas rhodamine-6G molecules measured it at the water interface. The fluorescence anisotropy decay times showed significant changes from the hydration level of λ = 22[a](#fn1){ref-type="fn"} to λ = 5. The proton concentration using HPTS molecules at a high hydration level (λ = 22) corresponded to 0.54 M, whereas a complete dissociation of all of the protons at this hydration level would correspond to a concentration of 2.5 M. In fact, the amount of proton transfer at λ = 12 and 22 were found to be 22 and 44%, respectively. Using rhodamine-6G, the proton concentration at the water interface was found to be 1.4 M which is still less than the 2.5 M expected concentration for complete dissociation of all of the protons. It was concluded, contrary to the common notion, that Nafion was not a superacid, that is, not all of the sulfonic acid groups are deprotonated for hydrated Nafion, even at high hydration levels.

The equivalent proton concentrations at the water interface measured using rhodamine-6G for λ = 7.5 and 12 were 1.8 and 1.4 M, respectively. These concentrations were lower than what would be expected by keeping the number of dissociated protons constant and just reducing the amount of water. The water present had reduced to a third and to a half, respectively, at λ = 7.5 and 12, as compared to that at λ = 22, which implies that the proton concentration should have roughly tripled and doubled at λ = 7.5 and 12, respectively. Because this was not the case, it meant that the proton dissociation at the water interface was lowered with reduction in hydration levels. This was also reflected in small changes of the fluorescence anisotropy decay time of rhodamine-6G from λ = 22 to λ = 5.

Gruger et al.^[@ref6]^ measured the different hydrated species present in Nafion using spectroscopy techniques. At high hydration levels of λ = 20, the sulfonic acid was completely dissociated and the dissociated proton was found to be associated with water molecules. At a lower dehydration level of λ = 10, there was an emergence of a new species in which the hydronium ions were associated with the sulfonate groups. This species was even more abundant at lower hydration states. Singhal and Datta^[@ref7]^ found that the concentration of protons decreased with decreasing thickness in Nafion films which was attributed to the increased association of the protons to the sulfonate ions with decreasing thickness.

Such experimental observations gain importance in light of other measurements made inside a Nafion membrane in a fuel cell under operating conditions. Patil et al.^[@ref8]^ found that the water content inside the Nafion membrane went down with the increasing fuel cell current. This could create regions of varying water content and, consequently, varying proton dissociation inside the membrane.

Classical molecular dynamics (MD) simulations have been used to study the variable protonation states for a variety of materials. Simulations of graphene oxide (GO) flakes showed aggregation at low pH, if the carboxyl groups were mainly protonated, whereas the GO flakes dissolved in water at high pH, with the deprotonated carboxyl groups.^[@ref9]^ This also agreed well with experiments.^[@ref9]^ Polyamidoamine (PAMAM) dendrimers in the presence and absence of linear polyethylene oxide (PEO) chain were studied using different protonation states of the amines in the PAMAM molecule.^[@ref10]^ Conformational states and hydrogen bonding were studied, and good agreements with experiments were found.^[@ref10]^

Classical MD simulations have also been performed for Nafion to study the water-phase structure and diffusion within the membrane.^[@ref3],[@ref11]−[@ref13]^ Other techniques such as ReaxFF,^[@ref14]^ MS-EVB,^[@ref15]^ and ab initio MD^[@ref16]^ simulations have also been used to study Nafion and other PEMs to better understand the proton hopping transport mechanism in such materials. Classical MD techniques enable the study of large system sizes (\>10 000 atoms) which is important for understanding the internal water-phase structure in these PEM materials.

Previous classical MD simulation studies of Nafion had assumed that it is a superacid and, consequently, all of the sulfonic acid groups had been deprotonated.^[@ref3],[@ref11],[@ref12]^ There have been experiments^[@ref17]^ which have shown that Nafion is a very strong acid comparable to 95% sulfuric acid solution. Calculations using the p*K*~a~ database have shown Nafion to have a p*K*~a~ = −6.^[@ref18]^ Previous density functional theory (DFT) studies^[@ref19]^ had shown that the sulfonic acid groups were deprotonated at λ ≥ 3 which was the reason behind deprotonating all of the sulfonic acid groups in the classical MD simulations. However, there are other experiments,^[@ref5],[@ref6]^ as discussed before, which have shown the existence of different protonation states even at very high hydration levels. Therefore, we think that it is important to provide some insights, using classical MD, for both structural and dynamical properties of Nafion for various degrees of deprotonation (DDPs) at different hydration levels. Our results show that the sulfur--sulfur radial distribution functions (RDFs) peak heights showed similar trends as the neighboring intramolecular/intrachain sulfur--sulfur (S--S) distance, although the first peak distance and the intramolecular S--S distance are noticeably different. The hydrophilic cluster characteristic size and number of water molecules per cluster were analyzed using structure factors and cluster distributions, respectively. Both these parameters showed a visible correlation with DDP. The water molecules and hydronium dynamics were also analyzed using translational diffusion coefficients and residence times around the sulfonic acid group. It is important to note that properties like characteristic size of the water phase, residence time, and diffusion can be measured in experiments and provide support for our simulation studies. The visible dependence of the water cluster morphology on the Nafion protonation states could have a bearing on the efficiency of fuel cells.

Materials and Methods {#sec2}
=====================

Simulation Details {#sec2.1}
------------------

The Nafion monomer chemical structure is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, where *n* represents the number of repeat \[−CF~2~--CF~2~−\] units in a monomer and *m* represents the degree of polymerization. The value of *n* = 7 has been chosen which corresponds to an equivalent weight (EW) of 1100. EW is defined as the molecular weight of the polymer divided by the number of protogenic/sulfonic acid groups. EW of 1100 is a very commonly used variety of Nafion and, hence, has been chosen for this study.^[@ref3],[@ref20]^ Please refer to our previous study for Nafion chain construction details.^[@ref21]^

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b shows a typical simulated snapshot of a hydrated Nafion sample. The water phase, shown in blue, forms a continuous phase at sufficiently high hydration levels and so does the hydrophobic phase, shown in orange, at low or high hydration levels. The black dots are the sulfonic acid groups which are situated at the water-phase--hydrophobic-phase interface.

A combination of polymer consistent force field^[@ref22]^ and condensed-phase optimized molecular potentials for atomistic simulation studies^[@ref23]^ force fields has been used for our study. Details about the force field used and the validation of our choice are provided in the main text and the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b04534/suppl_file/jp9b04534_si_001.pdf) of our previous study.^[@ref21]^

Five different DDPs were chosen, corresponding to 0, 3, 5, 7, and 10, as seen in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The zero DDP corresponds to the case where all of the sulfonic acid groups in a single Nafion chain have the proton attached to them. At DDP = 10, all of the sulfonic acid groups in a Nafion chain have the protons detached. The intermediate DDP = 3, 5, 7 correspond to 3, 5, and 7 deprotonated sulfonic acid groups in a Nafion chain, respectively. For the 3 and 7 DDP cases, the deprotonated groups have been distributed as uniformly as possible throughout the chain. This was done to negate additional effects from clustering of the sulfonic acid groups which have been observed in previous simulations.^[@ref3]^

![Different DDPs for a Nafion chain (a) DDP = 0, (b) DDP = 3, (c) DDP = 5, (d) DDP = 7, and (e) DDP = 10. "**O**" represents a protonated sulfonic acid group and "**X**" represents a deprotonated sulfonic acid group.](jp-2019-04534z_0005){#fig2}

Four different hydration levels corresponding to λ = 5, 10, 15, 20 were simulated at a temperature of *T* = 353 K, common operating temperature of fuel cells. Hydration level (λ) is defined as the number of water molecules present per sulfonic acid group. Thus, a total of 20 different state points, corresponding to different choices of DDP and λ, were used. All these different state points started from a different and independent initial configuration.

Therefore in summary, five different DDP values, DDP = 0, 3, 5, 7, 10 at four different hydration levels of λ = 5, 10, 15, 20 were simulated in our study. A total of 20 different simulation boxes were constructed using the amorphous cell module of Materials Studio.^[@ref24]^ Each simulation box had *N*~ch~ = 20 Nafion chains. There were *N*~H~ = 0, 60, 100, 140, 200 hydronium ions present in simulation boxes for DDP = 0, 3, 5, 7, and 10, respectively. The number of water molecules present is equal to *N*~ch~ × 10 × λ -- *N*~H~, where the factor 10 is due to the number of sulfonic acid groups per Nafion chain corresponding to the chain degree of polymerization. The total number of atoms were in the range of 17 000--26 000, and the simulation box sizes were in the range of 58--66 Å.

The boundary conditions were periodic in all three directions. In addition, Nafion simulations were also performed in 3D periodic boxes for DDP = 10 and for λ = 5, 10, 15, 20 having 7 and 20 Nafion chains. No finite size effects have been observed on comparing the density, RDFs, and water and hydronium diffusion coefficients. All of the simulation results shown in the present paper are for a 20 chain Nafion system.

The simulations were run for a total of 9 ns, and the last 3 ns of the production runs was used for analysis. Six independent additional simulations were run corresponding to DDP = 0, 3, 5 and λ = 5, 20 for 12 ns. The analysis was done for these independent simulations by sampling from a production run corresponding to the last 6 ns. In addition, the original simulations, which had a production run of 3 ns, were also extended to have a production run of 6 ns from which the analysis was performed for these six state points. There were no noticeable differences found between the independent and the extended simulation runs. Therefore, all of the results provided here are from sampling production runs corresponding to the last 3 ns in 9 ns simulation runs.

The density with variation less than 0.05% was close to experimental values,[b](#fn2){ref-type="fn"} and the energies had stabilized after around 2.5 ns from the start of the simulation. Moreover, the water phase also stabilized within this simulation period as evidenced by the simulated water structure factor peak wave numbers and water diffusion coefficients being close to the experimental values.[c](#fn3){ref-type="fn"} Residence times for hydronium ions were also comparable to experimental values.[d](#fn4){ref-type="fn"} The duration of the present simulations and the implemented system sizes are consistent with the previous simulation studies.^[@ref3],[@ref11],[@ref12],[@ref25]−[@ref27]^ Each simulation consumed around 50 CPU hours on 32 cores of the Lisa computing cluster in SurfSara (Amsterdam). A detailed description of the model construction and simulation protocol has been presented in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b04534/suppl_file/jp9b04534_si_001.pdf) (sections I and II).

Analysis Techniques {#sec2.2}
-------------------

From the production runs, structural and dynamic characteristics like chain radius of gyration (*R*~g~), side chain lengths, RDFs, intramolecular sulfur--sulfur (S--S) distance, characteristic size/diameter of hydrophilic/water domains, cluster distribution of water molecules and/or hydronium ions, hydrogen bond count in the water phase, diffusion coefficients, and residence time of water molecules and hydronium ions have been analyzed. The effect of DDP and hydration levels on all these characteristics will be discussed in detail later.

The RDF *g*(*r*) is proportional to the probability of finding an atom B at a distance *r* from the reference atom A inside a shell of thickness d*r*.^[@ref20]^ The sulfur--sulfur RDF has been analyzed to check for any significant changes in the distance between the side chain protogenic groups. The average Nafion chain radius of gyration (⟨*R*~g~⟩)^[@ref28]^ and Nafion side chain lengths have been calculated for all different DDPs and all hydration levels (λ). The side chain length is defined as the distance between the carbon, connecting the backbone of Nafion to the side chain, and the sulfur in the sulfonic acid group. The intramolecular S--S distance is the distance between two adjacent sulfonic acid groups in a Nafion chain.

The structure factor for the hydrophilic/water phase is computed by the Fourier transform of the oxygen (water and hydronium)--oxygen (water and hydronium) RDF,where ρ is the density, *g*(*r*) is the RDF value at distance *r*, *q* is the corresponding wave number, and *r*~m~ is the maximum distance up to which RDF is calculated.

The structure factor *S*(*q*) has a peak at a particular wave number (*q*~max~) which corresponds to the characteristic size, *d*~max~ = 2π/*q*~max~, of the water/hydrophilic phase. The RDF is computed using VMD^[@ref29]^*g*(*r*) plugin which uses a special normalization function^[@ref30]^ to compute RDFs up to 3*L*/2, where *L* is the box size with periodic boundaries in all three dimensions.^[@ref31]^ The minimum box size for our simulations is about *L* = 58 Å. The RDFs are computed up to *r*~m~ = 40 Å which is smaller than the maximum allowable distance of 3*L*/2 = 50.2 Å. Using the standard method, the RDFs can only be computed up to a maximum distance of *L*/2 under periodic boundary conditions. However, the method used in the present study allows us to simulate RDFs at larger distances, thus improving the resolution of the structure factors at lower wave numbers. The structure factor calculated using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} allows computation up to a minimum wave number,^[@ref32]^*q*~min~ = π/*r*~m~ = 0.0785 Å^--1^.

The cluster distribution of water molecules was computed for the different hydration levels (λ) using the OVITO software.^[@ref33]^ A cluster is defined as a group of atoms in which each atom is within a particular predefined cutoff distance of at least another atom within that group. The oxygen atom in a water molecule and in a hydronium ion was used for computing cluster sizes. For example, cluster of 5 oxygen atoms is assumed to represent the cluster of 5 water molecules and/or hydronium molecules. The cluster distribution plots number of clusters, averaged over a time interval of 3 ns, versus the cluster size. Cluster size is the number of water and/or hydronium molecules present in a cluster, as defined in a previous simulation study.^[@ref11]^ The average number of clusters for any particular cluster size is the occurrence frequency of that particular cluster size divided by the total number of trajectory snapshots during the 3 ns production period. The total cluster count and average number of water molecules and/or hydronium ions per cluster at all hydration levels and DDP have been extracted from the cluster distributions and analyzed.

Hydrogen bond count was computed for hydrogen bonds between water molecules and also between water molecules and hydronium ions using the criteria introduced in previous simulation studies.^[@ref34],[@ref35]^ The normalized hydrogen bond counts were computed by dividing the actual count by the maximum possible number of hydrogen bonds at a particular hydration level and DDP.

The translational diffusion coefficients for the center of masses of water molecules and hydronium ions were computed by analyzing their mean square displacements (MSD) using the Einstein relation in the diffusive regime.^[@ref28]^ Diffusion coefficients were computed for water molecules and hydronium ions averaged over the entire simulation box. The diffusion coefficients were also computed in the first residence shell around the sulfur atoms by tracking the molecules present within 4.2 Å of the sulfur atom of the sulfonic acid group for 3 ns using the method prescribed in a previous simulation study.^[@ref36]^

The residence time was calculated for water molecules and hydronium atoms in the first residence shell around sulfur using the procedure suggested before.^[@ref37],[@ref38]^ In essence, a correlation function, *C*(*t*), was introduced aswhere *v*~*i*~ is the Boolean variable whose value is 1 if the oxygen atom of a water molecule/hydronium ion is within 4.2 Å of a sulfur of the sulfonic acid group or else the value is zero, *N* is the total number of water molecules/hydronium ions, offset time (*t*~h~) = *h*Δ*t*, *h*---0, 1, \..., 1800, Δ*t* = 1 ps is the sampling interval, and *M* is the total number of samples (*M* = 2000 corresponding to 2000 ps).

A correlation function *C*(*t*), as introduced in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, is computed for each sulfur atom in the system. The residence time (τ) has been calculated using the stretched exponential fit,

Each correlation function *C*(*t*) fitted with [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} yielded a residence time (τ). All these residence times were averaged. There were a few very high residence time values due to some water molecules/hydronium ions getting stuck near some sulfur atoms. These high residence times were filtered out before averaging by a commonly used outlier elimination method.^[@ref39]^ Outliers were adjudged to be all those residence times for which the median absolute deviation was greater than 1.5 times the interquartile range.

Results and Discussion {#sec3}
======================

Structural Properties {#sec3.1}
---------------------

### Density of Hydrated Nafion {#sec3.1.1}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the density of the simulated Nafion samples at various DDPs and different hydration levels at *T* = 353 K. The density values are within 5--7% of the previously reported experimental data^[@ref40],[@ref41]^ at *T* = 300 K and simulated values^[@ref12]^ at *T* = 353 K. The simulated density decreases with increasing hydration at any particular DDP ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), as more water causes the sample to swell. However, the density does not show any considerable trend with varying DDP at any hydration level ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). This means that DDP does not affect the amount of swelling of Nafion.

![Hydrated Nafion density values for (a) λ = 5, 10, 15, 20 at DDP = 0, 3, 5, 7, 10 and (b) for DDP = 0, 3, 5, 7, 10 at λ = 5, 10, 15, 20. The error bars are very small and are located within the circular symbols.](jp-2019-04534z_0006){#fig3}

### Radial Distribution Functions {#sec3.1.2}

The distance between the protogenic sulfonic acid groups is an important property to understand the structural changes in the Nafion membrane. Previous DFT-based simulation studies^[@ref42]^ have shown that the sulfur--sulfur distance less than 6.5 Å increased water binding to sulfonic acid groups and also affected the ease of the proton dissociation. Hence, the sulfur--sulfur (S--S) RDF at small atomic separations (\<8 Å) have been analyzed in the present study to check for any significant trends.

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the S--S RDFs for a range of DDPs and hydration levels. The position of the first peak of the S--S RDF, at around 5 Å, does not show any noticeable trend with varying DDP at any particular hydration level. However, the RDF values at the first maximum, for low hydration level of λ = 5, increase with the increasing DDP, whereas the same RDF values decrease with the increasing DDP at higher hydration levels of λ = 10, 15, 20. Increasing DDP creates more negatively charged sulfonic acid groups which increase the repulsion between these groups and reduce the RDF values at a shorter distance. This explains the trend at higher hydration levels of λ ≥ 10 but not for λ = 5. A similar reversal of trend from λ = 5 to λ = 20 is also observed in intramolecular sulfonic acid group separation distances, which are analyzed below. Later, we will provide an explanation for this interesting similar trend of two different metrics.

![Sulfur--sulfur (S--S) RDF dependence on DDP = 0, 5, and 10 for different hydration levels (λ) of (a) λ = 5, (b) λ = 10, (c) λ = 15, and (d) λ = 20.](jp-2019-04534z_0007){#fig4}

The sulfur--oxygen (water) (S--Ow) and sulfur--oxygen (hydronium) (S--Oh) RDF first peak values increase with the increasing DDP at all hydration levels ([Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b04534/suppl_file/jp9b04534_si_001.pdf)). The reason being that the number of charged sulfonic acid groups increase with the increasing DDP, resulting in more attraction between the water molecules/hydronium ions and sulfonic acid groups. This effect also reduces the small distance correlation in between water molecules, as reflected in the decreasing first peak oxygen (water)--oxygen (water) RDF values with the increasing DDP ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b04534/suppl_file/jp9b04534_si_001.pdf)).

### Chain Length Statistics {#sec3.1.3}

The radius of gyration (*R*~g~) as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, is an important statistical property because it can be measured in experiments like dynamic light scattering and small-angle neutron scattering.^[@ref43]^ No observable trend can be seen for *R*~g~ values upon changing DDP, in contrast with the weakly increasing trend of side chain length, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b. As was already noticed earlier, increasing DDP increases the number of charged sulfonic acid groups. This increased charge consequently increases the affinity of the side chains for the polar water phase, which causes them to stretch toward the hydrophilic/water phase.

![(a) Radius of gyration (*R*~g~) for Nafion chain, error bars are within the symbols. (b) Nafion side chain length dependence on DDP for different hydration levels (λ).](jp-2019-04534z_0008){#fig5}

As opposed to the side chain lengths, the *R*~g~ does not show any trend with DDP simply because Nafion is mostly composed of hydrophobic components which form a separate hydrophobic phase. Slight changes in side chain lengths are unlikely to have an effect on the conformations of this largely hydrophobic molecule.

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows the intramolecular distance between the neighboring sulfur atoms, in the sulfonic acid groups. This distance goes down sharply with the increasing DDP for λ = 5, while it remains unchanged for λ = 10 and 15 and increases gradually for λ = 20. The neighboring intramolecular S--S distances are much higher than the first peak distances observed in the S--S RDF. However, a similar reversal of trend has been noticed, as seen before for the S--S RDF first maximum values, from a low hydration level to higher hydration levels. We believe that this trend is connected to the preferable interactions of increasingly hydrophilic sulfonic acid groups with existing water domains. The side chains stretch and move toward the hydrophilic/water phase with the increasing DDP at all hydration levels. At higher hydration levels, larger water clusters allow easier movement of the sulfonic acid groups which increases separation between these groups. However, at a low hydration level of λ = 5, large water clusters are absent which restricts the free movement of the sulfonic acid groups and, hence, reduces the distance between them on average.

![Intramolecular neighboring sulfur--sulfur (S--S) distance dependence on the DDP for different hydration levels (λ).](jp-2019-04534z_0009){#fig6}

### Structure Factor and Cluster Distribution {#sec3.1.4}

Hydrophobic and hydrophilic parts of Nafion tend to phase separate upon hydration. The hydrophilic phase is made up of water clusters. At sufficiently high hydration levels, these water clusters join together to form a percolated hydrophilic/water domain,^[@ref44]^ allowing the transport of protons through it. The characteristic size/diameter of the water domains, comprising of water molecules and hydronium ions, in the water phase has been analyzed by computing the structure factor using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, as demonstrated in a previous study.^[@ref45]^ In addition, the water cluster analysis has been performed to calculate the number of water molecules and/or hydronium ions in different water clusters of varying sizes. All of the water cluster analyses shown here are for a cutoff distance of 3.7 Å. This cutoff distance was chosen because it is well beyond the first maximum of the RDFs of oxygen (water)--oxygen (water) and oxygen (hydronium)--oxygen (water), as shown in [Figures S3 and S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b04534/suppl_file/jp9b04534_si_001.pdf). Hence, this distance will include majority of the water molecules and hydronium ions. We here refer to our previous study^[@ref21]^ for further justification of this cutoff distance.

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows the characteristic water phase, composed of water molecules and hydronium ions, channel size/diameter (*d*~max~)[e](#fn5){ref-type="fn"} for various DDPs at different hydration levels. The corresponding structure factors, calculated using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, for each of these DDPs and hydration levels are shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b04534/suppl_file/jp9b04534_si_001.pdf). The wave numbers corresponding to the first peak of the structure factors are very close to the experimental values^[@ref46]^ and previous simulated values for a smaller system size.^[@ref3]^ We can see that *d*~max~ shows a noticeable decreasing trend with the increasing DDP at all hydration levels, which means that the water domains are becoming *narrower* with the increasing DDP. It is important to note that DDP can be connected to solution pH, that is, higher DDP corresponds to higher solution pH and vice versa. Cluster distributions for water molecules and/or hydronium ions have been analyzed next to get further insights into the hydrophilic/water-phase morphology.

![Characteristic water/hydrophilic phase channel size (*d*~max~) dependence on the DDP for different hydration levels (λ). The circular symbols are the actual data points and the dashed lines are only a guide to the eye.](jp-2019-04534z_0010){#fig7}

[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows the water cluster distribution[f](#fn6){ref-type="fn"} for λ = 10 at the different DDPs chosen for this study. We can see a peak forming in the size range of 1800--2000 for various DDPs representative of a large connected water cluster. This large cluster peak is moving toward *bigger* water cluster sizes with the increasing DDP. This pattern is repeated for higher hydration levels of λ = 15 and 20 ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b04534/suppl_file/jp9b04534_si_001.pdf)). However, for λ = 5 no such trend is observed because only a limited amount of water is present.

![Hydrophilic/water-phase cluster distribution for DDP = 0, 3, 5, 7, 10 at a hydration level of λ = 10. The average number of clusters for cluster sizes \<10 is well beyond the vertical scales. The average number of clusters is directly proportional to the occurrence frequency of a particular cluster size in the averaging interval of 3 ns. Hydrophilic/water phase contains both water molecules and hydronium ions.](jp-2019-04534z_0011){#fig8}

[Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a shows the total number of water clusters/cluster count for different DDPs at various hydration levels. The total cluster count decreases with the increasing DDP for λ ≥ 10. This observation indicates a more dispersed water phase with the decreasing DDP at higher hydration levels. No such trend is observed for λ = 5 because of the absence of any large connected water phase.

![Hydrophilic/water phase (a) total cluster count and (b) average number of water and/or hydronium ions per cluster, dependence on the DDP for different hydration levels (λ). Hydrophilic/water phase contains both water molecules and hydronium ions.](jp-2019-04534z_0012){#fig9}

The average number of water and/or hydronium ions per cluster, as shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b, is the weighted average of cluster sizes where the weights are the average number of clusters corresponding to the different cluster sizes. This is effectively the area under the cluster distributions, as shown in [Figures [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} and [S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b04534/suppl_file/jp9b04534_si_001.pdf). We can see a trend that matches with the visual interpretation of cluster distributions discussed above. The average number of water and/or hydronium ions per cluster increases with the increasing DDP at large enough hydration levels of λ ≥ 10. The reason for such a trend could be that higher DDP creates more charged sulfonic acid groups which, in turn, attracts more water in the vicinity of such groups and aids in the formation of bigger water clusters.

Concluding this part, we can see that the water cluster distributions and water channel characteristic sizes are significantly affected by changes in DDP. Water domains are getting narrower with the increasing DDP at any given hydration level, as seen in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. However, the average number of water molecules per cluster is increasing with DDP, as seen in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b, which means that the domains are also becoming longer or more connected over larger distances with the increasing DDP.

We provide a conceptual picture behind such morphological changes of the water domains/channels. The number of water molecules, considering the ones present in hydronium ions, is constant at any given hydration level. The water molecules and hydronium ions get distributed in the vicinity of a *larger* number of charged sulfonic acid groups with the increasing DDP at any particular hydration level. Consequently, the water molecules and hydronium ions are distributed over a larger volume with the increasing DDP which causes the water domains to stretch out and become narrower. To conserve the volume of the water molecules and hydronium ions, the water domains should become longer with the increasing DDP, even if the average number of water molecules and/or hydronium ions per cluster is constant with DDP. However, the average number of water molecules and/or hydronium ions per cluster increases with DDP which implies that water domains are further elongated than what would be expected by just volume conservation.

### Hydrogen Bond Count {#sec3.1.5}

The water molecules present in the system form hydrogen bonds with themselves and with the hydronium ions. The protons can hop across these hydrogen bonds and diffuse through membrane. Therefore, the number of such hydrogen bonds existing in the system at various DDPs and hydration levels is important for proton transport and has been analyzed in our study.

[Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a shows the number of hydrogen bonds existing between water molecules and hydronium ions. The total number of such hydrogen bonds increases considerably with the increasing DDP at any particular hydration level. This is expected because the number of hydronium molecules present in the system is increasing with the increasing DDP. The normalized hydrogen bond count is computed by normalizing the total count by the maximum possible number of hydrogen bonds (between water and hydronium) at any particular DDP and hydration level. Interestingly, this normalized hydrogen bond count ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b) shows a decreasing trend with the increasing DDP at all hydration levels. This implies that the probability of forming a hydrogen bond between water molecule and hydronium ion decreases, despite the increasing availability of hydronium ions upon the increasing DDP. The reason for this could be that the hydronium molecules reside close to the sulfonic acid group and, hence, do not participate in hydrogen bonding with water molecules despite increasing number of hydronium ions. Such a change in trend is not observed for hydrogen bonds formed between water molecules ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b04534/suppl_file/jp9b04534_si_001.pdf)).

![Dependence on the DDP for (a) actual hydrogen bond count and (b) normalized hydrogen bond count between water molecules and hydronium ions for different hydration levels (λ).](jp-2019-04534z_0002){#fig10}

Dynamical Properties {#sec3.2}
--------------------

### Translational Diffusion of Water and Hydronium {#sec3.2.1}

Water diffusion through the membrane in a fuel cell or flow battery is important for the functioning of these devices. The vehicular diffusion mechanism describes a process in which the proton attaches to the water molecules and diffuses through the membrane.^[@ref47]^ There exists another proton transport process known as the Grotthuss mechanism, which describes the proton jumps across the hydrogen bonds present in the network.^[@ref47]^ Here, we will be analyzing only the vehicular diffusion of both water molecules and hydronium ions across various DDP and hydration levels.

The average water molecules and hydronium ion center of mass diffusion coefficients have been computed using the Einstein relation in a diffusive regime ([Figures S8 and S9](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b04534/suppl_file/jp9b04534_si_001.pdf)). [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} shows the simulated diffusion coefficients of the water molecules and hydronium ions for various DDPs at different hydration levels (λ). The diffusion coefficients decrease with the decreasing hydration level because of the decreasing average number of water molecules and/or hydronium ions per cluster, as expected. The diffusion coefficients for hydronium ions are 2--3 times smaller than those of water molecules, at any given DDP and hydration level. This is due to the stronger electrostatic attraction between the hydronium ions and sulfonic acid groups, as compared to that for water molecules.

![Diffusion coefficients for the center of mass of all (a) water molecules and (b) hydronium ions, as functions of the DDP for different hydration levels (λ).](jp-2019-04534z_0003){#fig11}

The water diffusion coefficients show a very weak, almost negligible decreasing trend with DDP at all hydration levels. This can be explained analyzing the corresponding structural changes of the hydrophilic/water domains. The water domain characteristic size/diameter (*d*~max~) grows with the decreasing DDP, whereas the average number of water molecules and/or hydronium ions per cluster goes down with the decreasing DDP. Both these effects counteract each other and, hence, the water diffusion remains largely unaffected by the DDP.

On the other hand, the hydronium ion vehicular diffusion rates are showing a significant downward trend with the increasing DDP, despite the counteracting effects discussed in the preceding paragraph. The electrostatic attraction between the positively charged hydronium ions and the negatively charged sulfonic acid groups increases with the increasing DDP, which hinders significantly the free diffusion of the hydronium ions. It can be concluded that the electrostatic interaction is the dominant factor in the vehicular diffusion of hydronium ions, as compared to any morphological changes of the water domains induced by the DDP variation.

The sulfonic acid group forms hydrogen bonds with water molecules and this helps in the deprotonation of this group. Therefore, both the diffusion and residence time of water molecules and hydronium ions have been analyzed within a distance of 4.2 Å around the sulfur atoms of sulfonic acid group. This is the distance up to the first maximum of the S (sulfur)--Ow (oxygen of water) and S (sulfur)--Oh (oxygen of hydronium) RDFs ([Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b04534/suppl_file/jp9b04534_si_001.pdf)). [Figures S10 and S11](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b04534/suppl_file/jp9b04534_si_001.pdf) show the MSDs of the water molecules and hydronium ions within this distance. The diffusion coefficients have been extracted from these MSDs, as shown in [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b04534/suppl_file/jp9b04534_si_001.pdf). Both the water molecules and hydronium ion diffusion follow a similar trend, as observed for the average values discussed earlier. The reason for this similarity of trend is that a large percentage of the water molecules and hydronium ions are found within the 4.2 Å of the sulfur atoms of the sulfonic acid groups. This first maximum of the S--Ow and S--Oh RDFs is the most prominent maxima in the RDFs by far, hence encompassing a majority of the water molecules and hydronium ions.

### Residence Time {#sec3.2.2}

[Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"} shows the residence times extracted from the relaxation of the corresponding correlation function, [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, using a stretched exponential fit, [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, for water molecules and hydronium ions within a distance of 4.2 Å from the sulfur in the sulfonic acid group, respectively. This is the distance near the first up to the first maximum of the S (sulfur)--Ow (oxygen of water) and S (sulfur)--Oh (oxygen of hydronium) RDFs ([Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b04534/suppl_file/jp9b04534_si_001.pdf)). The residence times extracted with an exponential fit,^[@ref37]^ β = 1 in [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, are shown in [Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b04534/suppl_file/jp9b04534_si_001.pdf). Both these fits show the same qualitative trend, but the residence times are larger for exponential fit as compared to those from the stretched exponential fit. The adjusted *R*^2^ of the stretched exponential fit values is always higher than that for the exponential fit, which is why we have chosen to show only the stretched exponential fit parameters here.

![Residence time for (a) oxygen (water molecules) (b) oxygen (hydronium ions) as a function of the DDP for different hydration levels of (λ).](jp-2019-04534z_0004){#fig12}

The residence times for hydronium ions are higher than those of water molecules because of the stronger electrostatic attraction between hydronium ions and sulfonic acid groups. These observations also match qualitatively with the previous simulation results.^[@ref37]^ It is important to note here the quasielastic neutron scattering spectra analysis of hydrated Nafion,^[@ref46]^ which showed the existence of slow and fast protons at all hydration levels. The number of fast protons was significantly bigger than that of slow protons at higher hydration levels of λ ≥ 10,^[@ref46]^ which means the residence time of protons at higher hydration levels will be biased toward the residence time of the fast protons. Our simulated residence time for hydronium ions matches very well with the experimental residence time^[@ref46]^ of fast protons at higher hydration levels of λ ≥ 10.

The residence times for water molecules, shown in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}a, show no visible trend with the varying DDP at all hydration levels. This correlates well with water diffusion coefficients in the whole system, as well as in the vicinity of the sulfonic acid group. In contrast to that, the residence time for hydronium ions increases with DDP, especially for a low hydration level of λ = 5 ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}b). This is due to the lack of connected water clusters at λ = 5 which hinders the hydronium ion movement away from the charged sulfonic acid groups. For higher hydration levels, the hydronium ion residence time also shows a noticeable increase with the DDP. This increasing trend is in agreement with the hydronium ion diffusion trends observed previously. The diffusion slows down with the increasing DDP because the hydronium ions spend more time in the vicinity of the sulfonic acid groups.

In conclusion, the water molecule diffusion is not affected by the DDP, despite changes taking place in the structure of the hydrophilic phase. The hydronium ion diffusion slows down with the increasing DDP because of the electrostatic interactions, which overrides any effects caused by changes in the shape and size of the water/hydrophilic domains.

Conclusions {#sec4}
===========

Previous experiments^[@ref5]^ of Nafion have shown less than 50% deprotonation even at very high hydration levels (λ = 22). Other experiments^[@ref6],[@ref7]^ have shown the existence of protons associated with the sulfonate groups at moderate hydration levels (λ = 10) and also with decreasing film thickness. Therefore, in the present study, Nafion was simulated using classical MD for varying levels of degree of deprotonation (DDP) at four different hydration levels of λ = 5, 10, 15, 20 at *T* = 353 K, to understand its structure and dynamics.

The position of the first maximum of the simulated sulfur--sulfur RDFs did not show any noticeable trend with  varying DDP. However, the first maximum height reduced with the increasing DDP for higher hydration levels (λ = 10, 15, and 20), whereas it increased with the increasing DDP for a low hydration level (λ = 5).

The Nafion side chain lengths increased with the increasing DDP at all hydration levels because of the increasing attraction between the charged sulfonic acid groups and the hydrophilic phase. The intramolecular neighboring sulfur--sulfur (S--S) distance reduced with the increasing DDP for λ = 5, whereas it stayed the same or increased for higher hydration levels (λ ≥ 10). This trend was similar to the peak heights observed in the S--S RDF, although the distances for both these metrics were quite different. It was hypothesized that the longer side chain lengths with the increasing DDP allowed the side chains to move freely in bigger water clusters at higher hydration levels. In contrast, the longer side chain lengths at a low hydration level had reduced ability to move freely because of the absence of large water clusters which, in turn, induced more order and regularity in the spacing of the side chains.

The characteristic size/diameter of the hydrophilic phase decreased with the increasing DDP. At the same time, the average number of water molecules per cluster increased with the increasing DDP. Therefore, it was concluded that the water domains became narrower and longer with the increasing DDP.

The probability of formation of hydrogen bonds between a water molecule and a hydronium ion decreased with the increasing DDP at all hydration levels, despite the increasing total number of such hydrogen bonds. The increased residence time of hydronium ions near the sulfonic acid groups with the increasing DDP was found to be the reason behind this trend.

The water vehicular diffusion coefficients showed no considerable changes with the DDP. This effect correlated well with the structural changes observed in the water phase/domains. The water domains became narrower with the increasing DDP, but this narrowness was compensated by a larger amount of water molecules per cluster which provided longer water domains. Despite these counteracting effects, the hydronium ions showed a significantly decreasing vehicular diffusion with the increasing DDP across all hydration levels. This was attributed to the strong electrostatic attraction between the hydronium ions and sulfonic acid groups. The residence time trends for both the water molecules and hydronium ions were in agreement with the vehicular diffusion trends. The water residence time was almost invariant with the DDP, whereas the hydronium residence showed considerable increase with DDP.

The varying DDP had a significant effect on the morphology of the water domains. This changing morphology of water domains can be measured experimentally using scattering techniques to provide information about structure factors. The present simulation study can definitely be important to provide insights to such experiments. Also, the changes in morphology of the water domains will have a bearing on the efficiency of fuel cells because the water content in the membrane changes^[@ref8]^ during the operation of fuel cells.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpcb.9b04534](http://pubs.acs.org/doi/abs/10.1021/acs.jpcb.9b04534).Simulation protocol, S--Ow RDF, S--Oh RDF, Ow--Ow RDF, Oh--Ow RDF, water structure factor, cluster distribution, water--water hydrogen bond count, MSD (overall and within 4.2 Å of sulfur for water molecules and hydronium ions), diffusion coefficients for water molecules and hydronium ions within 4.2 Å of sulfur, residence time for water molecules and hydronium ions extracted from exponential model fit, and β coefficients for water molecules and hydronium ions extracted from the stretched exponential model fit ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b04534/suppl_file/jp9b04534_si_001.pdf))
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Please refer to the "**Simulation Details**" section for the definition of hydration level (λ).

Please refer to the "**Density of Hydrated Nafion**" section.

Simulated water diffusion coefficients have been compared to the experimental values in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b04534/suppl_file/jp9b04534_si_001.pdf) of our previous study.^[@ref21]^ Comparison of simulated and experimental structure factors is provided in the "**Structure Factor and Cluster Distribution**" section.

Please refer to the "**Residence Time**" section.

The maximum *d*~max~ value is around 70 Å. *d*~max~ is the characteristic diameter of the water channels. So, the maximum radius of these water channels would be 35 Å which is well within the maximum distance of 40 Å up to which the RDFs are calculated. RDFs assume spherical symmetry and therefore features with radius of 35 Å can be detected for the maximum distance of RDF computation of 40 Å.

Please refer to the "**Analysis Techniques**" section for understanding calculation of water cluster distribution.
